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Abstract
Dark matter may be a thermal relic whose abundance is set by mutual annihilations among
multiple species. Traditionally, this coannihilation scenario has been applied to weak scale
dark matter that is highly degenerate with other states. We show that coannihilation among
states with split masses points to dark matter that is exponentially lighter than the weak scale,
down to the keV scale. We highlight the regime where dark matter does not participate in
the annihilations that dilute its number density. In this “sterile coannihilation” limit, the
dark matter relic density is independent of its couplings, implying a broad parameter space
of thermal relic targets for future experiments. Light dark matter from coannihilation evades
stringent bounds from the cosmic microwave background, but will be tested by future direct
detection, fixed target, and long-lived particle experiments.
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1 Introduction
Dark matter (DM) dominated the energy density of the Universe for much of its lifetime. Today
it accounts for approximately a fifth of its energy budget. Its microscopic origin is unknown, but
several theoretical possibilities have been identified. In this work we focus on thermal relics, whose
present abundance is determined by the freeze-out of their interactions in the early Universe. This
set of DM candidates has the attractive feature of having a relic density that is insensitive to initial
conditions and is tied to potentially measurable couplings.
The standard paradigm for thermal relics is the so-called WIMP (Weakly Interacting Massive
Particle) miracle [1–4]. In this scenario DM is kept in chemical equilibrium with the Standard Model
(SM) thermal bath through its 2 → 2 annihilations. When the rate of its annihilations becomes
slower than the expansion rate, DM acquires a non-zero chemical potential and its number density
freezes-out, redshifting with the expansion of the Universe until today. The standard calculation
points to DM with weak scale interactions
ΩWIMP
ΩDM
≈ (20 TeV)
−2
〈σv〉 . (1)
However, increasingly stringent bounds on WIMPs from direct detection experiments [5–9], and the
lack of obvious physics beyond the SM at the Large Hadron Collider, motivate exploration beyond
the WIMP.
It has long been appreciated [10] that at least three “exceptions” exist to the standard WIMP
computation: (1) mutual annihilation of multiple species (coannihilation), (2) annihilations into
heavier states (forbidden channels) [11,12], and (3) annihilations near a pole in the cross section [13,
14]. A fourth exception was recently identified where the DM abundance is set by inelastic scattering
instead of annihilations (coscattering) [15–17]. These four exceptions retain most of the standard
assumptions of the WIMP paradigm. DM starts in thermal equilibrium, has its number density
diluted through 2→ 2 annihilations, and has the same temperature as SM photons at freeze-out.
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Figure 1: Illustration of the collection of N states, χi, required to realize coannihilation (left) and
the processes that control DM freeze-out (right). DM annihilates into unstable states, φ, from the
thermal bath. The N states share a quantum number and eventually decay to the lightest state,
χ1, which constitutes the DM today. Freeze-out is determined by a summation over all possible
annihilation modes among the collection of states.
The above exceptions correspond to small deformations of the assumptions underlying the
WIMP miracle, and therefore correspond to close relatives of the WIMP within the broader theory
space of DM candidates. However, the phenomenology of the above exceptions can differ dra-
matically from the WIMP. It was recently shown that forbidden channels and coscattering both
naturally lead to DM that is exponentially lighter than the weak scale [11, 15]. In this work we
explore the best known among the above exceptions, coannihilation, and show that it also naturally
leads to exponentially light DM. Other mechanisms leading to DM lighter than the weak scale are
explored for example by Refs. [18–32].
The dynamics of coannihilation are summarized in Fig. 1. Multiple states are assumed to
share the DM stabilizing symmetry, and they can be ordered by increasing mass (left of Fig. 1),
mχ1 < mχ2 < . . . < mχN . In general, freeze-out is determined by a summation of all possible
annihilation channels (right of Fig. 1). We postpone a technical discussion of the relic density till
later, but for now note that Ref. [10] assumed that DM has a weak scale mass, and found that
coannihilation is only relevant for weak scale DM when the various states are highly degenerate,
with mass splittings below ∼ 1 − 10%. Weak scale coannihilation has been studied extensively in
supersymmetry when the lightest neutralino is degenerate with another superpartner [33–52], and
also within non-supersymmetric models [53–59]. Here we explore coannihilation among multiple
non-degenerate particles, and show that coannihilation opens up parameter space where DM can
be orders of magnitude lighter than a WIMP. This was first pointed out in [60] and later studied
for specific models [61,62].
There are several phases for (co)annihilation, summarized in Fig. 2, depending on which type of
annihilations dominates at freeze-out. The left diagram shows the WIMP, where χ1χ1 annihilations
dominate. The central diagram shows when coannihilation containing heavier particles in the set
are important. The right diagram shows a special phase of coannihilation, that we dub sterile
coannihilation, where the dominant annihilation modes do not contain DM in the initial state.
Sterile coannihilation manifests in supersymmetry when the bino coannihilates with a wino [48–50,
52], stop [38, 42], or gluino [46, 51], and in non-supersymmetric models [54, 56, 57, 59], but we are
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Figure 2: Schematic representation of three phases of coannihilation for a set of DM particles, χi,
sharing a conserved quantum number. At late times, the heavier states decay to the lightest one,
χ1, which comprises the DM today. In the WIMP phase, χ1χ1 annihilations dominate. In the
coannihilation phase, other annihilations dominate. In the sterile coannihilation phase, χ1 does not
participate in the dominant annihilations, and therefore the relic abundance of DM is independent
of its couplings.
the first to apply it to light DM. Sterile coannihilation is our main focus in this paper, and has the
special property that the DM relic density is independent of the couplings of DM. Experiments
searching for light DM often focus on thermal targets [63], where masses and couplings are chosen
such that the DM matches the observed abundance, assuming a thermal relic cosmology. It is
usually stressed that thermal targets relate the DM mass to its couplings, but sterile coannihilation
is a counterexample that points to a broader parameter space of viable models.
Coannihilation naturally evades stringent bounds from the Cosmic Microwave Background
(CMB) [64] because, while all annihilations contribute at freeze-out, the heavier states will typically
decay down to χ1 before recombination [60,65]. Therefore, the CMB is only sensitive to χ1χ1 anni-
hilations, which may be suppressed if other annihilations dominate at freeze-out. This is illustrated
in Fig. 3, which shows the χ1χ1 annihilation cross section, for a particular model that we introduce
below, as a function of the mixing angle between DM, which begins with no interactions, and an
active state that experiences rapid annihilations. At large mixing, DM is WIMP-like and excluded
by the CMB, whereas at small mixing coannihilation (or coscattering) sets the relic density and
the CMB bound is evaded.
The remainder of this paper is organized as follows. In Sec. 2, we review the formalism of
Ref. [10] for computing the relic density from coannihilation and we explain why coannihilation
among multiple non-degenerate species naturally leads to DM that is exponentially lighter than the
weak scale. In Sec. 2.1, we introduce a toy model, with annihilations into dark states, that exhibits
sterile coannihilation. In Sec. 3, we complete the toy model by coupling it to either the SM or a
dark sector thermal bath, and we study the detailed phenomenology and experimental prospects.
In Sec. 4, we consider an example model with direct annihilations to SM particles. Sec. 5 contains
our conclusions.
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Figure 3: The DM self-annihilation cross section, χχ → φφ, as a function of the mixing angle, δ,
between mostly sterile DM, χ, and an active state with rapid annihilations. The DM mass is fixed
to mχ = 100 MeV. DM annihilates to a scalar, φ, with mass mφ = 50 MeV and mixing angle
θ = 10−4 with the SM Higgs. (See Sec. 2.1 and 3.1 for a detailed description of the model and
definitions of these parameters.) The color of the line delineates whether freeze-out is described by
the WIMP (purple), coannihilation (red), or coscattering [15] (blue) phase. The gray region shows
the Planck bound on DM annihilations [64], which excludes the WIMP phase for this DM mass.
2 Relic Density
In this section, we begin by reviewing the formalism of Ref. [10] for treating coannihilation. We
then include a novel discussion of how non-degenerate coannihilation points to dark matter that is
exponentially lighter than the weak scale.
We assume that DM is stabilized by a Z2 symmetry, or a larger symmetry with a Z2 subgroup.
We consider a collection of N particles, χi, depicted in Fig. 1, that include DM and have the same
charge as DM under this stabilizing symmetry. We label them in such a way that mχi < mχj for
i < j. We take φ to stand for any other state that interacts with χi and is not charged under the Z2
symmetry. The relevant processes in the DM Boltzmann equations are: annihilations χiχj → φφ,
inelastic scatterings χiφ → χjφ, decays χj → χiφ, and the inverses of each of these processes. If
the decays are sufficiently rapid, DM today is entirely composed of the lightest member of the set,
χ1. We let ni refer to the number density of state χi. The DM relic abundance is determined by
the total number density, n ≡∑i ni, at freeze-out.
There are a priori N separate Boltzmann equations, one for each of the χi, but Ref. [10]
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noticed an important simplification. As long as scatterings or decays are rapid enough to maintain
chemical equilibrium among the different states, χi ↔ χj , the ratios of abundances track their
equilibrium values, ni/n ≈ neqi /neq, where neqi and neq correspond to the equilibrium Boltzmann
distributions. This means that N−1 Boltzmann equations can be removed, and a single Boltzmann
equation governs the evolution of n. Coannihilation refers to this phase where scatterings and
decays maintain chemical equilibrium until long after annihilations decouple, which is generically
the case when mφ  mχ1 and couplings are large enough. For massive φ or small enough couplings,
exchange among the χi can decouple before annihilations, leading to the coscattering phase [15].
In the coannihilation limit, where χi ↔ χj is rapid until after annihilations decouple, the
evolution of n in the early Universe is governed by the single Boltzmann equation
dn
dt
= −3Hn−
N∑
i,j=1
〈σijv〉
(
ninj − neqi neqj
)
, (2)
where 〈σijv〉 are the thermally averaged annihilation cross sections (see Fig. 1). Eq. 2 can be further
simplified to
dn
dt
= −3Hn− 〈σeffv〉
(
n2 − (neq)2) , (3)
where we used ni/n ≈ neqi /neq and have defined an effective annihilation rate,
σeff =
N∑
i,j=1
σij
neqi n
eq
j
(neq)2
≈
N∑
i,j=1
σij
gigj
g2eff
(1 + ∆i)
3/2 (1 + ∆j)
3/2 e−x(∆i+∆j) , (4)
where x = mχ1/T , ∆i ≡ mχi−mχ1mχ1 , and gi counts the number of internal degrees of freedom. The
last step in Eq. 4 holds when all χi’s are non-relativistic. As in [10], we find it convenient to define,
geff ≡
N∑
i=1
gi (1 + ∆i)
3/2 e−x∆i . (5)
Eq. 3 is the same as the Boltzmann equation for a single WIMP that leads to Eq. 1, except
the WIMP annihilation rate is replaced by the total effective annihilation rate. This implies that
〈σeffv〉 should be weak scale for coannihilation to reproduce the observed DM abundance. We
see that heavy states decouple exponentially from the effective annihilation rate, because the ij
term is suppressed by the factor e−x(∆i+∆j). Ref. [10], and most of the following literature on
coannihilation, have assumed that χi are weak scale particles and therefore that σij are weak
scale. In order to prevent the exponential suppression from being too sizable, ∆i  1 is required.
This observation has led to the lore that coannihilation is only relevant among highly degenerate
states. This is the most widely studied regime of coannihilation that found multiple applications
in supersymmetric phenomenology. In a classic example the DM particles are a combination of
nearly degenerate bino and wino or higgsino, and φ represents any light SM state, such as the
electron [34,40,45,47–50].
In this work we highlight a different regime, where non-degenerate coannihilation leads to light
DM [60]. We assume that σ11 is suppressed, so that σ1i or σij dominates, with i, j 6= 1 (see the
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right panel of Fig. 2). We allow non-degeneracy: ∆i ∼ O(1). In order for σeff to be weak scale
despite the exponential suppression, we require σij to be exponentially larger than the weak scale.
This requires a mass scale for the dark states that is exponentially lighter than the weak scale,
mχi  TeV.
We will focus in particular on the limit of sterile coannihilation (right of Fig. 2). We imagine
that the lightest particle in the DM family contributes negligibly to the total annihilation cross
section:
σ11, σ1i  σeff . (6)
Sterile coannihilation leads to the interesting simplification that the DM abundance depends on the
DM mass, mχ1 but is independent of the DM couplings and only depends on the annihilation rate
of the heavier states and the mass splittings. At first it might seem surprising that annihilations
that do not involve DM can deplete its abundance, but scattering and inverse decays allow χ1 to
convert into heavier states, χ1 → χi, such that the annihilations of heavy states effectively remove
χ1 too.
To highlight the parametrics of sterile coannihilation, we make the further assumption that
the heaviest state is the most strongly interacting and that the other annihilation channels can be
neglected. Then the total cross section simplifies to
σeff ≈ g
2
N
g21
σNN (1 + ∆N )
3 e−2∆Nx , (7)
and the relic density acquires an exponential dependence on the mass splitting ∆N ,
Ωχh
2 ∝ 1〈σeffv〉f ∝ e
2∆Nxf , (8)
where xf = mχ1/Tf and Tf is the temperature at which the heavy annihilations freeze-out. The
physical origin of this exponential is simple to understand. We have assumed that all the parti-
cles in the set are in equilibrium with each other (through scatterings or decays) until long after
annihilations decouple. Therefore the chemical potential for n is zero until the last annihilation
process decouples from the thermal bath. In our example the last particle to decouple is also the
heaviest. So freeze-out occurs earlier than it would if only the lightest state was present with the
same interactions, Tf = mN/xf > m1/xf , implying an exponentially enhanced relic density for
DM. The exponential in Eq. 8 can be very large for O(1) mass splittings, allowing for dramatic
departures from the standard WIMP lore.
If we fix the relic density to its observed value, in the sudden freeze-out approximation, xf is
exactly the same as that of a WIMP and depends only on the DM mass. This is because for all
thermal relics, the observed DM energy density today is,
ρDM = mDMnDM (xf )
s0
sf
, (9)
where s0 and sf are the entropy densities today and at freeze-out, respectively. Eq. 9 does not
depend on the dynamics of freeze-out and is therefore universal for thermal relics, and allows xf
to be solved as a function of mDM . Typical values of xf for thermal relics with weak scale masses
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Figure 4: Schematic representation of the model described in Sec. 2.1. From left to right: the mass
spectrum, main annihilation channel, and strength of the mixing between DM, χ, and its heavier
coannihilating partner, ψ.
are around 25 going down to about 10 at 10 keV, so e−∆ixf can be a large exponential suppression
in sterile coannihilation.
We can also study xf without fixing the relic density, using the sudden freeze-out approximation,
to see how xf depends on parameters such as the cross section and masses. In coannihilation freeze-
out occurs when n〈σeffv〉 ≈ H. If ∆i ≈ O(1), when DM is non-relativistic n ≈ n1. We can use the
sudden freeze-out approximation to solve for xf in the usual way, with the only difference coming
from the exponentials in σeff . In the previous example, where the N -th state dominates, we have
(for s-wave annihilations)
n1〈σeffv〉 ≈ g
2
Nm
3
1 (1 + ∆N )
3
g1(2pix)3/2
σNNe
−(1+2∆N )x . (10)
So n1〈σeffv〉f ≈ Hf gives the right relic density at
xf ≈ 1
1 + 2∆N
(
21 + log
[
g2N (1 + ∆N )
3m1σNN
g1g
1/2
∗ GeV× pb
]
+
1
2
log xf
)
, (11)
where MPl is the Planck mass and g∗ is the total number of relativistic degrees of freedom at freeze-
out. As for the WIMP case, there is logarithmic dependence on the cross section and absolute mass
scale, but unlike the case of the WIMP, there is also non-logarithmic dependence on the mass
splitting through the factor (1 + 2∆N )
−1.
The numerical results that follow use MicrOMEGASv4 [66] to compute the relic density, unless
otherwise specified. We have cross-checked MicrOMEGASv4 with our own numerical solutions of the
Boltzmann equation and find good agreement.
2.1 The Relic Density in a Simple Model
To make some of these ideas more concrete we introduce a simple model where sterile coannihilation
is realized. This model will serve as the main building block for our discussion of coannihilation in
dark sectors weakly coupled to (or decoupled from) the SM. It is a toy model (in this section) in
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Figure 5: Annihilation channels for the model presented in Sec. 2.1. The DM particle can approxi-
mately be identified with χ. In the regime: δ2  e−∆xf , ψψ annihilations dominate and we realize
sterile coannihilation. In the opposite limit, δ2  e−∆xf , χχ annihilations dominate and the model
becomes WIMP-like.
the sense that we do not specify a coupling to radiation, which can take different forms and will
determine the phenomenology of the theory, as we discuss in the next section.
We consider a Majorana fermion, ψ, which will act as the heavy particle that dominates the
annihilation rate. We take ψ to have rapid annihilations into a scalar particle, φ, ψψ → φφ. Then
we add DM in the form of a Majorana fermion, χ, which begins as an inert particle and inherits
interactions through a small mass-mixing with ψ. In the small mixing limit, annihilations with
χ in the initial state are suppressed, so that ψψ annihilations naturally dominate. This setup is
achieved by the following potential,
V =
m2φ
2
φ2 +
mψ
2
ψ2 +
mχ
2
χ2 + δmχψ +
y
2
φψ2 + h.c. . (12)
There are two physical phases in V that we choose to parametrize by allowing δ and y to be
complex. Notice that for generic phases of these parameters, the relevant annihilation processes
are s-wave. We take |δ| ≡ |δm/mχ|  1 so χ is mostly sterile and mψ & mχ > mφ. This choice
of parameters realizes in a simple way our sterile coannihilation scenario with χ1 ≈ χ and χ2 ≈ ψ.
This is shown schematically in Fig. 4, where, going from left to right, we sketch the mass spectrum,
main annihilation channel, and strength of the mixing between DM and its coannihilating partner.
We assume that φ has a small coupling with the SM or with an additional light dark state,
sufficient to keep the DM in kinetic and chemical equilibrium with radiation at freeze-out, but small
enough that annihilations of χ and ψ to φφ dominate over direct annihilations to lighter states.
In Fig. 5, we show the three possible types of annihilations: χχ, χψ, and ψψ. When computing
the effective annihilation rate, annihilations are suppressed by a factor of δ2 for each χ in the
initial state, and by e−x∆ for each ψ in the initial state, where ∆ ≡ (mψ −mχ)/mχ. Therefore,
sterile coannihilation (ψψ dominating) is realized in the limit δ2  e−∆xf . In the opposite limit
δ2  e−∆xf , the model becomes WIMP-like, with χχ annihilations dominating.
In Fig. 6 we illustrate the main qualitative point made in the previous section. The relic density
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Figure 6: Left: Dependence of the relic density on the mass splitting ∆ between DM, χ, and its
rapidly annihilating partner, ψ. For ∆ > 0 the relic density grows exponentially with the mass
splitting, such that it crosses the observed value, Ωobsh
2 ≈ 0.12, for a particular value of the
splitting. Right: Dependence of the relic density on the mass mixing, δ, between DM and its
partner, ψ. At large δ we exit the sterile coannihilation regime discussed in the text and lose the
exponential dependence of the relic density on the mass splitting ∆. Both figures were made for
generic values of the phases: y = |y|eipi/4 and δ = |δ|eipi/4.
grows exponentially with ∆ ≡ (mψ −mχ)/mχ. In the sterile coannihilation limit,
〈σeffv〉 ≈ 〈σψψv (1 + ∆)3 e−2∆x〉
=
y2ry
2
i (1 + ∆)
4
2pim2χ
√
(1 + ∆)2 − r2
[2(1 + ∆)2 − r2]2 e
−2∆x +O(v2) +O(δ2) , (13)
where yr ≡ Re[y], yi ≡ Im[y], and r ≡ mφ/mχ. If the mass scale of the dark sector decreases or the
coupling y increases, the total cross section becomes larger, requiring a larger ∆ to get the right
relic density. This is shown in the left panel of Fig. 7.
In the same figure we show that xf does not differ considerably from a WIMP and, as usual,
decreases logarithmically with the DM mass. The last parameter of interest is the mixing δ between
the DM, χ, and the active state ψ. If it is sufficiently small, the relic density does not depend on it,
as suggested by Eq. 13. Only when we exit the sterile coannihilation regime does δ start to impact
σeff . This is depicted in the right panel of Fig. 6.
In Fig. 7, when mχ is below 1 MeV, we imagine that the dark sector is completely decoupled
from the SM. (As we discuss below, limits from Neff exclude DM masses lighter than the MeV scale
when DM is in kinetic equilibrium with the SM.) In this case we add a light fermion species, with
a sub-eV mass and coupling to φ, that acts as dark radiation and insures the scaling Tdark ∼ a−1.
In general, the SM and dark sectors evolve with separate temperatures, when they are kinetically
decoupled, that are determined by the separate conservation of entropy in each sector [67]
Tdark
TSM
= ξR
(
gSM∗S (TSM )
gSM∗S (T
R
SM )
gdark∗S (T
R
dark)
gdark∗S (Tdark)
)1/3
, (14)
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Figure 7: Left: Value of the mass splitting, ∆, that gives the observed relic density. We plot ∆ as
a function of mχ and the coupling, y, controlling the size of the annihilation cross section. Light
dark sectors require generic, O(1), mass splittings. Right: xf as a function of mχ and the coupling
y. xf in coannihilating dark sectors is the same as for a WIMP, after fixing the DM relic density to
the observed value, and exhibits the same logarithmic dependence on the DM mass. Both figures
were made for generic values of the phases: y = |y|eipi/4 and δ = |δ|eipi/4. For mχ < MeV we show
the results for a decoupled dark sector in equilibrium with its own dark radiation (see Sec. 3.2).
where TRdark,SM are the initial dark and SM temperatures after reheating, respectively, and ξR ≡
TRdark/T
R
SM . In Fig. 7, we assume for simplicity that the dark and SM sectors reheat to the same
temperature, ξR = 1, above the weak scale. For our dark sector this leads to Tdark < TSM at freeze-
out, such that current Neff constraints are naturally evaded. We defer a more detailed discussion
of decoupled dark sectors to Sec. 3.2.
3 Annihilations to Dark Sector Particles
In this section we complete the toy model of Sec. 2.1 by explicitly introducing a coupling to
radiation. We require the coupling to be large enough that DM is in kinetic equilibrium with the
radiation until after freeze-out, which ensures that Tdark ∼ a−1. This scaling was assumed when
deriving the relic density in Sec. 2. If we relax the assumption that DM is in thermal contact with
radiation, then the dark sector will undergo a phase of cannibalism [18,28,68–74], where Tdark drops
only logarithmically with the scale factor. We leave the study of coannihilation in a cannibalizing
sector for future work.
There are two distinct possibilities for how DM may couple to radiation. The dark sector may
couple directly to the SM, or the dark sector may contain its own light degrees of freedom that
act as dark radiation. In the first case, constraints on Neff do not allow for DM lighter than the
MeV scale, while a completely decoupled dark sector can have DM as light as the keV scale. As we
discuss below, sub-keV masses are excluded by limits on warm DM from Lyman-α measurements.
We consider a dark sector that is the same as the toy model introduced in the previous section,
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Figure 8: Phenomenology of a dark sector weakly coupled to the SM. Both panels show current
constraints as a function of the DM mass, mχ, and the size of the mixing between the dark sector
scalar and the SM Higgs boson, sin θ. The left panel shows the effect of a lighter mediator, φ, and
larger DM mixing, δ, compared to the heavier and more weakly coupled case in the right panel. The
gray shaded area at the bottom of the plot covers values of the mixing for which the dark sector is
not in equilibrium with the SM at freeze-out. The other bounds are discussed in the text and come
from CMB measurements from Planck [64], BBN [77,78], meson decays [79–86], CHARM [87], and
LEP [88, 89]. In every point of the plot ∆ is fixed to reproduce the observed relic density. The
remaining parameters are set to y = eipi/4, mφ = mχ/4 (mχ/2), and δ = 5× 10−3eipi/4 (10−4eipi/4)
in the left (right) panel.
for both the coupling to SM and dark radiation. We have two Majorana fermions χ and ψ,
and one real scalar φ interacting through the potential of Eq. 12. We take mψ & mχ > mφ,
with χ very weakly interacting through mixing of size |δ| = |δm/mχ|  1. As above we define
∆ ≡ (mψ −mχ)/mχ. Because we will always take the limit of very small mixing, δ  1, the mass
eigenstates are approximately flavor eigenstates: χ1 ≈ χ and χ2 ≈ ψ. In the following we will abuse
notation, for simplicity, and refer to the mass eigenstates also as χ and ψ.
3.1 Higgs Portal
We first consider the case in which the dark sector couples to the SM through the relevant Higgs
portal coupling aφφ|H|2,
V ⊃ aφφ|H|2 +
µ2φ
2
φ2 +
λφ
4!
φ4 − m
2
H
2
|H|2 + λ
4
|H|4 . (15)
12
10-1 100 101 10210-7
10-6
10-5
10-4
10-3
10-2
10-1
10-3 10-2 10-1 100 101
10-7
10-6
10-5
10-4
10-3
10-2
10-1
Figure 9: Phenomenology of a dark sector weakly coupled to the SM. Both panels show the pro-
jected reach of future experiments as a function of the approximate DM mass, mχ, and the mixing
between the dark sector scalar and the SM Higgs boson, sin θ. The gray shaded area summarizes cur-
rent constraints, presented separately in Fig. 8. The reach for direct detection experiments [90–93],
LHC-b [94], CODEX-b [94] as derived in [95], FASER [76,96], MATHUSLA [97,98], SHiP [99,100]
as derived in [98], and CMB Stage-4 (CMS-S4) [101] is shown. In every point of the plot ∆ is
fixed to reproduce the observed relic density. The remaining parameters are set to y = eipi/4,
mφ = mχ/4 (mχ/2), and δ = 5× 10−3eipi/4 (10−4eipi/4) in the left (right) panel.
After electroweak symmetry breaking, we can parametrize the strength of the portal coupling using
the mixing angle between φ and the SM Higgs boson
tan 2θ =
4aφv
λv2 − λφv2φ − 2µ2φ
, (16)
where v ≈ 246 GeV and vφ ≡ 〈φ〉 is the VEV of φ.
The decay width and branching fractions of φ are crucial for determining both the experimental
prospects and when the SM and dark sector are in thermal equilibrium. We take the scalar φ to
be lighter than DM, such that it can only decay to SM particles. We note that the width and
branching fractions of φ cannot be determined with precision when its mass is between ∼ 2mpi and
a few GeV, due to significant hadronic uncertainties [75]. For the width and branching fractions,
we follow Ref. [76].
The phenomenology of the model is summarized in Figs. 8 and 9. These figures show mχ
versus the singlet-Higgs mixing, sin θ, with ∆ chosen at each point so that the relic density matches
observation. Fig. 8 shows current constraints, while Fig. 9 presents the projected reach of future
experiments. There is a lower bound on sin θ set by the requirement that φ interactions with the
SM are efficient at keeping the two sectors in thermal equilibrium at DM freeze-out. Within the
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dark gray shaded areas at the bottom of Fig. 8, the two sectors are not in equilibrium when DM
freezes-out. Thermalization can be achieved by rapid φ decay or 2 → 2 scattering processes. We
find that φ decay is more efficient for our choice of parameters. The CMB constraints on Neff and
on the DM annihilation cross section [64] in Fig. 8 set a lower bound on mχ, almost independent
of the size of the φ-Higgs mixing angle. These two constraints are common to all realizations of
coannihilation coupled to the SM, and we now describe them in more detail.
The CMB bound on Neff excludes χ masses below ∼ 10 MeV. If the dark sector is in equilibrium
with photons after neutrinos decouple, then DM transfers entropy to the photon bath, increasing
the photon temperature relative to neutrinos [102]. This is a familiar effect in the SM, where
photons are heated relative to neutrinos after electrons turn non-relativistic. Here, DM lowers Neff ,
since neutrinos are cooled relative to the photon temperature. There is one important subtlety: if
sin θ is sufficiently small, the dark sector may not be in kinetic equilibrium with the SM at neutrino
decoupling, although it may later equilibrate before DM annihilations decouple [103]. In this region,
the value of Neff probed by the CMB is sensitive to initial conditions. We can always choose a low
enough reheating temperature, compatible with BBN, for which there is no constraint on Neff . For
this reason, we do not plot the Neff bound in this part of the parameter space, as can be seen in the
right panel of Fig. 8, where the light gray shaded region ends at sin θ ≈ 10−4 − 10−5. We do not
plot this constraint in the left panel of Fig. 8 since it is everywhere weaker than the CMB bound
on DM annihilations.
DM annihilations, χχ → φφ, with subsequent φ decay to SM particles, can alter the recom-
bination history through energy injection. This can lead to observable modifications to the CMB
temperature and polarization power spectra [104,105]. The rate of energy release per unit volume
is proportional to feff〈σv〉/mDM, becoming larger for light thermal relics, which are excluded be-
low about 10 GeV, depending on the annihilation products [64, 106, 107]. (A notable exception is
DM annihilations to neutrinos, which are not strongly constrained by the CMB [108,109].) In our
model, the strongly interacting heavier state, ψ, decays down to DM, χ, before recombination. The
CMB is only sensitive to DM self-annihilations, which have cross section suppressed by small δ.
Therefore, much lighter DM masses are compatible with CMB annihilations in our model compared
to WIMPs. The efficiency factor, feff , measures the fraction of the DM mass that is converted to
heating the photon-baryon plasma, and captures the model dependence of the DM annihilation
products. We follow the prescription from [110] to calculate feff for the cascade annihilation and
use feff tables provided in [106]. The corresponding Planck bound [64] is shown in the left panel of
Fig. 8 as a red shaded area. In Fig. 9, we show the projected improvement of a factor of 3 in cross
section reach from CMB Stage-4, assuming 60% sky coverage [101]. In the right panel of Fig. 8, we
choose a smaller value of δ where the bound is completely absent.
An additional constraint comes from BBN and applies when φ is heavier, as in right panel
of Fig. 8 (red shaded area). As ψ becomes heavier, the splitting, ∆, that matches the observed
relic density becomes smaller. When the DM mass is greater than about 100 MeV, ψ can only
decay through an off-shell φ to χ plus SM states. For small mixing angle θ, the ψ lifetime can
become long enough to affect BBN through injection of electromagnetic particles into the primordial
plasma [77,78]. When the mass splitting between ψ and χ is larger than 2mpi, the dominant decay
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channels have mesons in the final state. However, we find that the strongest bound comes from the
electromagnetic fraction of these decays, because the abundance of ψ is too small to affect proton-
neutron conversions at early stages of BBN [111], and the injected hadrons are not energetic enough
for hadro-dissociation to affect primordial light element abundances [112,113].
A variety of other observations are also relevant to our parameter space. Constraints from meson
decays [75,79–86,114,115] and colliders [88,89,116] follow directly from φ’s interactions with the SM,
and are unrelated to DM. In our model these constraints play a role at large mixing, sin θ & 10−3,
as shown in Fig. 8. The CHARM proton beam dump searched for long-lived particles [87], and
excludes part of the parameter space of a scalar mixed with the Higgs [75, 99, 117]. In this case,
the scalar φ can be produced from meson decays, and can be detected when it decays within the
displaced detector.
The most promising avenues for probing more parameter space are DM direct detection [90–93],
as can be seen in the left panel of Fig. 9, and future beam dump experiments such as SHiP [99,
100]. Experiments exploiting the abundance of mesons in LHC collisions, such as CODEX-b [94],
MATHUSLA [97, 98], and FASER [76, 96] are competitive with SHiP. In Fig. 9 we also show the
projected reach for LHCb as derived in Ref. [94]. The reach of these experiments depends on
the type of portal that connects the SM to the dark sector and the size of the portal coupling.
However, we note that any realization of light DM from coannihilation, that is coupled to the
SM, predicts the presence of new light particles that can be searched for in intensity frontier
experiments [65,118–121].
To conclude this section, it is appropriate to mention that this model has several potential
sources of tuning. There is a hierarchy problem for φ, as a consequence of its O(1) Yukawa coupling
to ψ (analogous to the top quark coupling to the SM Higgs). Therefore the φ mass has tuning of
size ∼ y2/(4pi)2 ×m2φ/Λ2, where Λ is the high-energy cutoff of the model. This tuning is naturally
removed if the model is UV-completed to be supersymmetric or to have φ as a composite state. We
leave the exploration of such UV completions for future work. There is also tuning of the φ mass
due to its mixing with the Higgs boson, because the φ-Higgs mass matrix has an off-diagonal term
of size aφv. This tuning has parametric size ∼ m2φ/[λv2(tan 2θ)2] and is worse than 1% above the
dashed line in Figs. 8 and 9. This tuning is not independent of the φ hierarchy problem, since one
tuning is needed to keep φ light. We highlight this region since it is difficult to remove the tuning
from singlet-Higgs mixing using a UV completion, because the tuning follows from IR parameters.
We note that the tuning from φ-Higgs mixing applies generically to theories with a light scalar
mixing with the Higgs [75,95,122], since it does not depend on the Yukawa coupling of φ to ψ.
There is also a second potential tuning required to keep ψ light, since mψ gets a contribution
from the VEV of φ (which is unavoidable because a tadpole is generated for φ after electroweak
symmetry breaking). This tuning has parametric size [λφ/(λ tan 2θ)]
1/3mψ/(yv), and is worse than
1% above the second dashed line in Figs. 8 and 9.
3.2 Decoupled Dark Sector
Sterile coannihilation can also be realized in a completely decoupled sector. In this case, the dark
sector has its own temperature which can be colder than the SM sector, allowing the DM mass to
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Figure 10: Dark sector temperature evolution as a function of the SM photon temperature in the
decoupled dark sector model of Sec. 3.2. We have assumed that the two sectors begin at the same
temperature, ξR = 1, above the weak scale. For each mχ, ∆ is fixed to reproduce the observed relic
density. The remaining parameters are set to mφ = mχ/4, y = e
ipi/4, and δ = 10−4eipi/4.
drop below the MeV scale consistent with bounds from Neff . As an example we consider again the
model described at the beginning of Sec. 2.1, supplemented with a new Majorana fermion n that
acts as dark radiation. We note that our calculation of the relic density has assumed that DM is
in thermal equilibrium with some form of radiation, and therefore dark radiation is required if the
dark sector is decoupled from the SM.
A simple potential that keeps DM in thermal equilibrium with the dark radiation, n, is
V ⊃ mn
2
n2 +
yn
2
φn2 . (17)
In what follows we take mn  1 eV, which ensures that Ωn/ΩDM  10%. We fix yn = 10−4,
which keeps n in equilibrium with the dark sector. The reheating is captured by the parameter
ξR = T
R
dark/T
R
SM , where T
R
dark,SM are the temperatures of the two sectors at reheating. In what
follows, we assume that the SM is reheated above the electroweak scale, TRSM > 250 GeV. The
relative temperatures of the two sectors, ξ = Tdark/TSM , evolves following conservation of relative
entropies of the two sectors (Eq. 14), and depends on the number of relativistic degrees of freedom
in each sector. Fig. 10 shows the temperature evolution, assuming ξR = 1, for a few representative
dark spectra. We see that the dark sector ends up cooler than the SM, when it starts with the
same temperature, as a consequence of the larger number of degrees of freedom in the SM sector.
Even if only gravitationally coupled to the SM, there are several ways that the dark sector
can be probed observationally. First, Neff during BBN or the CMB epoch can be modified. Sec-
ond, if the DM mass is sufficiently small, the matter power spectrum can deviate from the ΛCDM
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Figure 11: Phenomenology of a dark sector decoupled from the SM, but in equilibrium with dark
radiation. In the left panel we show the bound on the relative temperatures of the dark and SM
sectors at reheating, ξR = T
R
dark/T
R
SM , as a function of the DM mass. We show constraints on Neff
from current Planck measurements [64] and the projected CMB Stage-4 sensitivity [101]. In the
right panel we show the DM mixing angle, δ, with the active state, versus the DM mass. When
the mixing is too large or small the relic density is no longer set by coannihilation. The range
of allowed DM masses is determined by DM overproduction and constraints on the free-streaming
length from Lyman-α measurements [139–142]. In every point of the plot, ∆ is fixed to reproduce
the observed relic density. The remaining parameters are set to y = 0.01eipi/4, mφ = mχ/4, and
δ = 10−4eipi/4 (ξR = 1) in the left (right) panel.
prediction [64, 123–131]. Third, DM self-interactions can leave imprints on astrophysical observa-
tions [132–138]. However, in sterile coannihilation, self-interactions are generically suppressed by
the small couplings (δ in our case) of DM to the mediator. In our model, the DM self-interaction
cross section is smaller than weak scale, whereas observable self-interactions requires a nuclear sized
cross section.
In the left panel of Fig. 11 we show the current bound from Neff , as measured by Planck [64],
on the reheating temperature of the dark sector. A dark sector reheated slightly above the SM is
still consistent with observations. We also display the projected sensitivity of CMB Stage-4 [101].
BBN bounds on Neff are subleading.
In the decoupled dark sector, the smallest DM mass consistent with observations is determined
by Lyman-α measurements [139–142]. Two effects can suppress the matter power spectrum: the
free-streaming of DM [130, 131] and dark acoustic oscillations [131, 143–145]. We find that the
second effect is subdominant in our parameter space, and the lower bound on the DM mass is set
by the free-streaming length.
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After decoupling from dark radiation, DM particles stream freely due to their non-zero velocity
dispersion, damping density perturbations below a certain scale. This free-streaming scale is given
by the comoving length scale that a DM particle can travel between the time of kinetic decoupling
and matter radiation equality. DM is kept in kinetic equilibrium with dark radiation through
(inverse-)decay, ψ ↔ χφ, where φ is in thermal contact with dark radiation. For parameters where
the free streaming bound is relevant, we find that decays decouple later than scatterings (such as
χφ → χφ). We estimate the temperature of the SM bath at DM kinetic decoupling, T kdSM , using
the relation mψΓψ [nψ/(ρχ + ρψ)]T kdSM
= H(T kdSM ). The free-streaming length is
λFS =
∫ tEQ
tkd
v(t)
a(t)
dt ≈ 1
a(TEQ)
vkd
3
√
5MPl
2pi3/2g∗(TEQ)1/2TEQT kdSM
log
(
T kdSM
TEQ
)
≈ 0.124 Mpc vkd keV
T kdSM
log
(
1.4 T kdSM
eV
)
, (18)
where vkd ∼
√
T kddark/mχ is the velocity of DM particles at kinetic decoupling, TEQ is the SM
temperature at matter radiation equality, and we have approximated the number of relativistic
degrees of freedom, g∗, as constant between T kdSM and TEQ.
In Fig. 11, we show the bound for λFS . 0.06 Mpc [141] (green shaded area) and λFS . 0.1
Mpc [139] (green line). When the dark sector is reheated to the same temperature as the SM, DM
masses below ∼ 100 keV are excluded. The bound becomes weaker if the dark sector is colder
than the SM, as shown in the left panel of Fig. 11, and we find viable sterile coannihilation models
with the DM as light as mχ ≈ 5 keV. We find that the constraint from Lyman-α is stronger than
the Tremaine-Gunn bound [146], which sets a lower limit on the mass of fermionic DM of several
hundred eV [147].
The rest of our parameter space is bounded by regions where coannihilation is not setting
the relic density. At large δ or small ξR, χχ annihilations dominate freeze-out and DM becomes
WIMP-like. When δ is too small, processes that exchange χ and ψ decouple before annihilations,
and freeze-out enters the coscattering phase [15]. Finally, at large mχ (and fixed y), the relic density
is too large because the effective annihilation cross section, which scales as y4/m2χ, becomes smaller
than weak scale for any choice of ∆.
4 Direct Annihilations to Standard Model Particles
Coannihilations consisting of direct annihilations to SM particles offer unique detection prospects in
future experiments. Existing studies have highlighted thermal targets, where masses and couplings
are chosen such that the relic density matches the observed abundance of DM. Several studies have
considered coannihilation, but focus on models where DM participates in the dominant annihilation
channel [14, 61, 63, 148]. In these models, the lifetime of heavy states to decay to DM is related to
the DM relic density, providing predictive targets for future experiments that probe this lifetime.
In this section, we highlight the sterile coannihilation regime, where the heavy state annihi-
lates directly to the SM. The relic density is independent of the DM couplings, since DM does
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Figure 12: Schematic representation of the model described in Sec. 4. From left to right: mass
spectrum, main annihilation channel, and mixing between DM, χ, and its coannihilating partner,
ψ.
not participate in the dominant annihilations. Therefore, sterile coannihilation points to a broad
parameter space of thermal targets, where the lifetime of the heavy states can be varied without
changing the relic density. If the lightest state is DM today, the only robust requirement is that
the lifetime of the heavy states should be shorter than the present age of the Universe.
We illustrate this point using the following model: the dark sector contains two Weyl spinors,
ψ and ψc, charged under a dark gauge group, U(1)D, with gauge boson A
′
µ and gauge coupling
gD ≡
√
4piαD. The gauge symmetry is spontaneously broken by a complex scalar φ with VEV
〈φ〉 ≡ vφ. Gauge charges are +1 for ψ and −1 for φ and ψc. We include an additional neutral
Majorana spinor, χ, which is our DM candidate. The fermionic part of the dark sector potential is
V ⊃ mψψcψ + mχ
2
χ2 + yφψχ+ y¯φ†ψcχ+ h.c. , (19)
where all parameters (mψ, mχ, y, and y¯) are complex. We can remove 3 phases, by redefining the
fields, so we are left with 4 real parameters and 1 phase. We consider the sterile coannihilation limit,
yvφ/mψ,χ  1 and y¯vφ/mψ,χ  1, such that χ corresponds to DM, while ψ and ψc correspond to
the heavy states whose annihilations dominate the effective cross section of Eq. 4. In this example,
we take mψ ≥ mχ and define ∆ ≡ (mψ −mχ)/mχ as the approximate mass splitting between DM
and its two coannihilating partners (that are almost degenerate). We assume that mφ > mχ,ψ, so
that annihilations into φ can be neglected.
We consider the regime mA′ > mψ,χ, and we assume that there is a kinetic mixing between the
new gauge group U(1)D and electromagnetism
L ⊃ − 
2
Fµνd Fµν , (20)
where Fd is the field strength of the dark gauge force and  sets the strength of the mixing.
The spectrum contains three fermionic mass eigenstates n1,2,3, which we order by ascending
mass (mni < mnj if i < j). n1 is mostly χ and is weakly interacting and n2,3 are mostly made
up of ψ and ψc†. The main ingredients of the model are summarized in Fig. 12. As shown in
the figure, coannihilation proceeds through an off-shell dark photon into SM particles. Kinetic
equilibrium with the SM is insured by dark photon decays and DM scattering off SM states. The
only O(gD) coupling after mass diagonalization pairs up n2 and n3 in the dark photon vertex. The
19
other couplings are suppressed by powers of δ ≡ yvφ/mχ and δ¯ ≡ y¯vφ/mχ. Therefore, as for the
toy model in Sec. 2.1, so long as δ and δ¯ are sufficiently small, the relic density is independent of
them, since
〈σeffv〉 = 〈σ23v〉+O(δ2, δ¯2) , (21)
where σ23 is the annihilation cross section of n2n3 to SM states.
The phenomenology of the model strongly depends on δ and δ¯, for two reasons. First, n1
interactions are suppressed by δ and δ¯, and in most of the parameter space DM today is entirely
composed of this lightest state. Second, the heavier and more strongly interacting fermions, n2,3,
have decay widths proportional to these small parameters, Γn2,3 ∼ δ2, δ¯2.
In the laboratory, n2,3 are the the states that are dominantly produced, and their decay length,
into n1, determines whether they can be detected or not. A quantitative illustration of this point
is presented in Fig. 13. There we fix the dark sector mass scale, mχ, and dark gauge coupling αD,
and look at the reach on the dark photon coupling to the SM, , as a function of the parameter δ.
For simplicity we take δ¯ = δ/2. At every point ∆ is chosen to reproduce the observed relic density.1
We show in Fig. 13 the bound from the LSND [152] proton beam dump and the projected
reach of the BDX [159] and MiniBooNe [160, 161] electron beam dumps. The sensitivity of these
experiments comes from the production of the dark photon, A′, which subsequently decays promptly
with a nearly 100% branching ratio to n2n3. Then if at least one of the two states decays within
the active volume of the detector, the leptons from n2,3 → e+e−n1 can be detected. The reach in
 of these three beam dumps depends on the lifetime of n2 and n3, and therefore on δ. To derive
the bounds and reach, we used the results of Ref. [61], after accounting for the different lifetime of
the excited state in our model. We include a factor of 2 enhancement to our signal rate, compared
to Ref. [61], because each dark photon decay produces two excited states.
We find that the proposed LDMX electron beam dump [157] can probe the entire allowed region
of the left panel of Fig. 13. In our model the LDMX signal will be missing energy events, from the
production of an A′, followed by its decay to n2n3 (surviving past the detector calorimeters). In
the right panel of Fig. 13, the dark photon is too heavy to be produced at LDMX so there is no
sensitivity.
Even after fixing the relic density, the lifetime of n2 and n3 can be large enough that decays
during BBN [77,78] and during recombination [153] become relevant. Decays of the heavier states
can also leave CMB spectral distortions detectable by the proposed PIXIE satellite [153–156].
Spectral distortions are a genetic signal of sterile coannihilation, because the heavier coannihilating
states have a long lifetime in a large fraction of the parameter space. This is due to the insensitivity
of the relic density to the small mixing between DM and the active states. We note that a signal in
LDMX, plus the detection of spectral distortions, would point to DM from sterile coannihilation.
1For the DM mass chosen in the right panel of Fig. 13, DM annihilations into hadronic final states play an important
role and are not treated by MicrOMEGASv4, which works in the partonic limit. In this case, we solve the Boltzmann
equation numerically, and we take into account annihilation into hadrons by replacing the annihilation cross section
into leptonic final states with (σv)e+e− + (σv)µ+µ− [1 +R(s)], where (σv)e+e− and (σv)µ+µ− are the annihilation
cross sections of DM into e+e− and µ+µ− respectively and R(s) is the R-ratio for e+e− hadronic annihilation. We
use the R(s) values provided by the PDG [158].
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Figure 13: Dark photon coupling, , vs. the size of the DM mixing with its coannihilating states, δ.
When δ is sufficiently small the relic density does not depend on it, as shown by the flat Ωχ > ΩDM
contour. On the contrary the lifetime of the heavier states, sharing a conserved quantum number
with DM, increases as δ2, strongly affecting the phenomenology. The bounds are discussed in the
text and come from BaBar [149, 150], E137 [151], LSND [152], BBN [77, 78], and the CMB [153].
The reach for BDX and MiniBooNe adapted from [61], and PIXIE [153–156] (corresponding to
µ < 5× 10−8) are shown. LDMX [157] can probe the entire allowed region of the left panel, but is
not sensitive to the heavier dark photon mass on the right panel. In every point of the plot ∆ is
fixed to reproduce the observed relic density. The remaining parameters are set to mχ = 0.05 (0.35)
GeV, mA′ = 3mχ (1 + ∆), αD = 0.1, and y¯/y = 0.5 in the left (right) panel.
In the region where ∆ approaches zero, n2 and n3 can live long enough that they are still
present at the time of recombination. When this happens, their annihilations can alter the CMB
temperature and polarization power spectra. We show the corresponding bound from Planck [64]
in Fig. 13.
The remaining constraints that we show in Fig. 13 are a monophoton search from BaBar [149,
150], and the electron beam dump E137 [151]. In the latter experiment, n2 and n3 are produced
through an on-shell dark photon, as in the previous cases, and detected through scattering off
electrons n2,3e
− → n3,2e−.
We have seen that sterile coannihilation, with annihilations of the heavy state directly into
the SM, has a rich phenomenology. Sterile coannihilation is generically described by a weakly
interacting DM candidate accompanied by heavier, more strongly interacting, states that can have
cosmologically long lifetimes. Sterile coannihilation leads to a broader parameter space of lifetimes,
consistent with the observed DM abundance, than the thermal targets of non-sterile coannihilating
models.
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5 Conclusions
In this paper, we discussed how coannihilation constitutes a novel mechanism for light DM that
evades CMB constraints on WIMPs. Traditionally, coannihilation has been applied to weak scale
DM, where it is only relevant for highly degenerate states. As we have emphasized, non-degenerate
coannihilation naturally realizes light DM. This is because the annihilation rate of heavy states
is exponentially suppressed, by their equilibrium number density, when computing the effective
annihilation rate that dictates the DM relic density (see Eq. 4). If the annihilations of heavy states
dominate, they must have a cross section that is exponentially larger than the weak scale, in order
to overcome this exponential suppression. To generate a large cross section, the mass scale of the
dark states should be exponentially lighter than the weak scale. The CMB bound is evaded simply
because the heavy states can decay to DM before recombination, such that the annihilations that
dictate the relic density stop occurring before the CMB forms.
We have focused on the sterile coannihilation limit, where DM does not participate in the
dominant annihilations. The relic density depends on the DM mass, but not its couplings. This is
a counterexample to the lore that the DM’s couplings are determined by its abundance, once its
mass is specified. Therefore, sterile coannihilation leads to a broader parameter space of thermal
targets for future experiments than is usually considered.
Light DM from coannihilation is easily realized in a variety of dark sectors. We have studied
three example models, where mostly sterile DM mixes with a heavier state that experiences rapid
annihilations. In Sec. 3.2, we considered the case that the dark sector contains dark radiation and
is totally decoupled from the SM sector. We found that the DM can be as light as the keV scale.
In Sec. 3.1, we considered DM that is coupled to the SM and annihilates into a dark Higgs that
mixes with the SM Higgs. This possibility is more minimal than the decoupled scenario, because
it does not require dark radiation and does not depend on the initial DM temperature. The lower
bound on the DM mass is raised by three orders of magnitude, compared to the decoupled case,
due to constrains on Neff from BBN and the CMB. We identified rich experimental prospects for
production and detection of the dark states. In Sec. 4, we considered direct annihilations to the SM
in the limit of sterile coannihilation. This scenario provides an explicit example of thermal targets
that are independent of DM’s couplings and therefore span a wide range of lifetimes for the heavy
states to decay. Sterile coannihilation points to a characteristic combination of signals in future
missing momentum experiments and CMB spectral distortions.
We note that light DM from coannihilation is a broad framework that extends beyond the
specific example models considered in this paper. It would be interesting to look at more example
dark sectors exhibiting light DM from coannihilation, and more portals that connect them to the
SM. It is worthwhile to develop explicit models where the dark sector is supersymmetric, or where
the DM and annihilating states are composites of a strongly coupled hidden sector, such that there
masses are naturally understood. Finally, we note that coannihilation can be combined with other
mechanisms, such as forbidden annihilations, dark sector cannibalism, and 3-to-2 annihilations.
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